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(54) Optical Disk 

(57) An optical disk structure and optical disk re- 
corder which enables data to be rewritten onto the re- 
cording layer of the optica! disk [50]. A clock reference 
structure is permanently tormed along servo tracks [52, 
54, 56] of the optical disk [50]. An optical transducer [82] 
is coupled to the clock reference structure and gener- 
ates a clock reference signal simultaneously with writing 
new data onto the recording layer of the optical disk [50], 
The data is written as data marks [58] along the servo 
tracks [52, 54, 56]. Each of the data marks [58] includes 



edges. The edges of the data marks [58] are recorded 
in synchronization with a write clock. The write clock is 
phase-locked with the clock reference signal. Therefore, 
the edges of the data marks [58] are aligned with the 
clock reference structure with sub-bit accuracy. Stand- 
ard DVD-ROM disk readers are not able to detect the 
high spatial frequency of the clock reference structure. 
Therefore, the optical disk [50] structure and optical disk 
recorder of this invention allow production of re-writable 
optical disks which can be read by standard DVD-ROM 
disk readers. 
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Description 

This invention relates generally to an optical disk, 
for example an optical disk having servo tracks including 
a clock reference structure for generating a clock refer- 
ence signal lor accurately controlling the placement of 
data marks along the servo tracks when writing informa- 
tion to a recording layer of the optical disk. 

Typically, data is stored on a recording layer of an 
optical disk by forming either data pits or data marks on 
the recording layer of the disk. The data pits or marks 
are formed along servo tracks on the recording layer of 
the optical disk. A servo track is a permanent physical 
feature on the recording layer of the optical disk which 
provides a track-following reference and defines the 
path along which data is written. Servo tracks may be 
spiral or concentric. A groove is an example of a servo 
track. In some types of prerecorded optical disks, such 
as read only memory (ROM) disks, the data pits lormed 
on the recording layer also function as a servo track. 

Typically, an optical transducer which includes a fo- 
cused laser beam is coupled to a servo track on the re- 
cording layer of the optical disk. When reading the op- 
tical disk, the data pits or marks formed along the servo 
track pass by the optical transducer as the optical disk 
rotates, causing the optical transducer to generate a da- 
ta signal representing the data stored on the recording 
layer of the disk. The optical transducer includes a focus 
positioner and a tracking positioner for maintaining 
alignment of the focused laser beam with respect to the 
servo track in the focus direction and the cross-track di- 
rection as the optical disk rotates. The focus and track- 
ing positioners include servo-control systems which re- 
spond to focus and tracking error signals produced by 
the optical transducer. 

Figures 1a, 1b, 1c show a typical mass-produced 
optical ROM disk in which prerecorded data is stored on 
an optical disk 10 by forming a predetermined series of 
data pits 1 2 along a track 1 4 of the optical disk 1 0. Figure 
1a shows a top-view of the optical disk 10. Figure lb 
shows an expanded view of the track 1 4 shown in Figure 
1a. Figure 1c shows a cross-sectional view of the track 
1 4 shown in Figure 1 b. The recording layer of the optical 
disk 10 is permanently formed during manufacturing to 
create the data pits 12. Therefore, data on an optical, 
disk 10 which is stored by forming data pits 12 on the 
recording layer of the optical disk 10 can not be erased 
or re-written 

In a re-writable optical disk, such as a phase change 
optical disk, data is stored on the recording layer of the 
optical disk in the form of data marks by controlling the 
optical characteristics of the recording layer of the disk 
Data marks are formed on the recording layer by heating 
therecording layer of the disk with a focused laser beam 
at the locations where the data marks are to be written. 
In phase change recording, the optical reflectivity of the 
data mark is determined by the crystalline condition of 
the recording layer. The crystalline condition of the re- 



cording layer is determined by controlling the optical 
power in the focused laser beam. The optical power of 
the laser beam used to heat the recording layer deter- 
mines the rate at which the temperature of the recording 
s layer of the optical disk cools where the data mark is 
located. The rate at which the data mark location of the 
recording layer cools determines whether the location 
cools to an amorphous or a crystalline condition. Typi- 
cally, the recorded data mark is amorphous and the sur- 
io rounding area is crystalline. 

Figures 2a, 2b, 2c show a re-writable optical disk 
20 in which data is stored on the optical disk 20 by form- 
ing a series of data marks 22 along a track 24 of the 
optical disk 20. Figure 2a shows a plan-view of the op- 
15 tica! disk 20. Figure 2b shows an expanded view of the 
track 24 shown in Figure 2a. Figure 2c shows a cross- 
sectional view of the track 24 shown in Figure 2b. 

In the prior art, placement of data to be written on 
a recording layer of a re-writable optical disk is typically 
20 determined by including synchronization information 
between fixed-length data fields. A sector is a repeating 
unit of pre-determined length. Figure 3a shows a plan- 
view of a prior art optical disk 30 in which data stored 
along a servo track 32 is divided into sectors 34. Figure 
25 3b shows an expanded view of a sector 34 of the optical 
disk shown in Figure 3a. The sector 34 includes a head- 
er 36, a data field 38 having a predetermined length, 
and an edit gap 40. Figure 3c shows an expanded view 
of the header 36 shown in Figure 3b. The header 36 
30 includes synchronization information 42 and track ad- 
dress information 44. The synchronization information 
42 is also referred to as the sync field. The synchroni- 
zation information 42 is permanently encoded on the re- 
cording layer of the optical disk 30 within the sectors 34. 
35 Data written onto the recording layer of the optical disk 
30 is synchronized to a write clock. The write clock is 
synchronized to a clock reference signal which is gen- 
erated periodically as the synchronization information 
42 passes by the optical transducer as the optical disk 
40 30 rotates. The clock reference signal provides position 
information of the optical transducer with respect to syn- 
chronization information 42 on the recording layer of the 
optical disk 30 when the synchronization information 42 
passes by the optical transducer. However, while data 
45 within data fields 38 is being written by the optical trans- 
ducer, the clock reference signal drifts in frequency and 
phase. That is, when the optical transducer is between 
points where synchronization information 42 exists, the 
frequency and phase of the write clock can drift with re- 
so spect to the synchronization information 42 located with- 
in sectors 34. Drift of the write clock with respect to the 
synchronization information 42 can be caused by disk 
rotation speed variations, servo track eccentricity and 
the cumulative effect of other variations in an optical disk 
55 recorder such as clock frequency drift. In general, the 
greater the distance between sync fields, the greater the 
drift of the write clock. 

The edit gap 40 shown in Figure 3b is included with- 
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in the sector 34. A data field which includes a fixed 
number of data bits is typically written to the sector 34 
of the recording layer of the optical disk 30. The edit gap 
40 accommodates variations in the placement of the last 
data bit of a data field which is written to the sector 34. 
That is, although all data fields normally contain the 
same number of data bits, the edit gap 40 allows the 
placement of the last data bit of a data field to be different 
each time the data field is re-written. Therefore, place- 
ment of bits written to the recording layer is not required 
to be as precise as the placement would be required to 
be if the edit gap 40 did not exist. Edit gaps. are needed 
to accommodate drift of the write clock in prior art re- 
writable optical disks. 

Presently existing DVD read only memory (ROM) 
formats do not include physical sectoring of data stored 
on the recording layer of an optical disk. Therefore, syn- 
chronization fields and edit gaps are not provided. When 
reading a ROM optical disk, a read clock is produced 
from the data stored on the optical disk. Therefore, no 
synchronization information is required. 

The DVD read only memory (ROM) format specifi- 
cation organizes data into fixed-length data fields for er- 
ror correction code (ECC) purposes. Each data field has 
an associated header containing synchronization and 
address information to facilitate data readout. This syn- 
chronization and address information is stored on the 
disk in the form of data pits which are indistinguishable 
from the data pits used to encode data. Although a DVD- 
ROM data field, together with its associated header in- 
formation makes up a "physical sector" for the purposes 
of a read-only memory, it does not satisfy the require- 
ments of a physical sector for the purposes of a re-wri- 
table optical disk memory. For this reason, all sectoring 
of the DVD format is treated as "logical sectoring." A log- 
ical sector is contained within the data, whereas a phys- 
ical sector contains the data. Therefore, all synchroni- 
zation information, addressing and other DVD format- 
ting are treated as if they were data, and are written on 
the disk in the form of data marks at the same time data 
is written. 

Writing data to the recording layer of a re-writable 
optical disk which is compatible with DVD-ROM formats 
therefore requires the data to be written to a disk having 
no physical sectors on the unwritten disk, and therefore, 
no address or synchronization information in dedicated 
areas within the physical sectors. Furthermore, edit 
gaps can not be included. Without edit gaps, the data 
marks must be written with sub-bit accuracy during over- 
writing of pre-existing data. 

U.S. patents 4,238,843, 4,363,116, 4,366,564, 
4,375,086, 4,972,401 teach methods of permanently 
providing additional synchronization information along 
the tracks of an optical disk within data fields. The teach- 
ings of these patents also include synchronization infor- 
mation within sync fields between the data fields. Fur- 
ther, the spatial frequency of the synchronization infor- 
mation which is within the data fields must correspond 



with nulls in the spatial frequency of the data. This re- 
quires the data to be encoded using special codes so 
that nulls in the spatial frequency of the data correspond 
with the spatial frequency of the synchronization 

5 information . 

It is desirable to have a re-writable optical disk and 
an optical disk recorder capable of recording data on the 
optical disk wherein the recorded disk is compatible with 
DVD-ROM standard formats, and is readable by a 

10 standard DVD reader, and wherein pre-existing data on 
the optical disk can be re-written (sometimes called 
over-written) with new data with sub-bit accuracy. The 
optical disk and optical disk recorder should be capable 
of generating a write clock which is synchronised with 

is sub-bit accuracy to absolute position along the servo 
tracks of the optical disk. Further, it is preferable to be 
able to write using standard DVD data formats. 

The present invention seeks to provide an improved 
optical disk. 

20 According to an aspect of the present invention 
there is provided an optical disk as specified in claim 1 . 

According to another aspect of the present inven- 
tion there is provided an optical disc recorder as speci- 
fied in claim 10. 

25 The preferred embodiment provides a re-writable 

optical disk having a recording layer which includes a 
permanent clock reference structure formed continu- 
ously along servo tracks on the recording layer. The 
clock reference structure provides a clock reference sig- 

30 nal generated by an optical transducer as the clock ref- 
erence structure passes by the optical transducer as the 
optical disk rotates. A write clock is phase-locked to the 
clock reference signal. The write clock enables new data 
to be written to the recording layer of the optical disk 

35 with sub-bit accuracy. Further, the write clock eliminates 
the need for sync fields and edit gaps and provides a 
means for writing and re-writing data in data fields of 
intermediate length 

A first embodiment of the invention includes an op- 

^0 tical disk. The optical disk includes a recording layer 
having servo tracks. A clock reference structure is 
formed along the servo tracks. The clock reference 
structure permits data to be written to the recording layer 
in data fields of indeterminate length. The clock reter- 

^5 ence structure comprises a reference spatial frequency 
which is greater than a predetermined spatial frequency 
An extension of this embodiment includes the predeter- 
mined spatial frequency being greater than the maxi- 
mum spatial frequency detectable by a standard DVD- 

so ROM reader. 

Another embodiment of the invention includes an 
optical disk recorder in which an optical disk is rotatably 
mounted on the recorder. The optical disk includes a re- 
cording layer containing servo tracks. An optical trans- 

55 ducer is optically coupled to the recording layer of the 
optical disk. The optical transducer radially follows a ser- 
vo track as the optical disk rotates. A clock reference 
structure pre-exists along the servo tracks and provides 
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data fields of indeterminate length. The clock reference 
structure causes the optical transducer to produce a 
clock reference signal as the optical disk rotates. The 
optical disk recorder further includes a means for re- 
cording data marks on the recording layer of the optical £ 
disk. The data marks are recorded so that a standard 
DVD-ROM reader can read the data marks but the op- 
tical disk is constructed so that the reader cannot detect 
the clock reference structure. A write clock determines 
the physical placement of data marks written on the re- 10 
cording layer of the optical disk. The write clock is phase 
locked to the clock reference signal. 

Another embodiment of the invention includes an 
optical disk recorder for receiving an optical disk. The 
optical disk is rotatably mountable on the recorder. The is 
optical disk includes a recording layer having servo 
tracks and a clock reference structure having a spatial 
frequency which is too high to be detected by a standard 
DVD-ROM reader The clock reference structure is 
formed along the servo tracks and provides data fields 20 
of indeterminate length. The optical disk recorder in- 
cludes an optical transducer which is optically coupled 
to the recording layer of the optical disk. The optical 
transducer follows the servo tracks of the optical disk as 
the optical disk rotates. The clock reference structure 25 
formed along the servo tracks of the optical disk causes 
the optical transducer to produce a clock reference sig- 
nal as the optical disk rotates. The optical disk recorder 
further includes a means for writing data marks on the 
recording layer of the optical disk. A write clock deter- 30 
mines the physical placement of data marks written on 
the recording layer of the optical disk. The write clock is 
phase locked to the clock reference signal. 

An embodiment of the present invention is de- 
scribed below, by way of example only, with reference 3$ 
to the accompanying drawings, in which: 

Figure la shows a plan-view of a prior art ROM op- 
tical disk. 

Figure 1 b shows an expanded view of a track shown 
in Figure 1a. 40 

Figure 1c shows a cross-sectional view of the track 
shown in Figure 1b. 

Figure 2a shows a plan-view of a prior art re-writa- 
ble optical disk. 

Figure 2b shows an expanded view of a track shown *s 
in Figure 2a. 

Figure 2c shows a cross-sectional view of the track 
shown in Figure 2b. 

Figure 3a shows a plan-view of a prior art optical 
disk 30 in which data stored along a servo track 32 is so 
divided into sectors 34. 

Figure 3b shows an expanded view of a sector 34 
of the optical disk shown in Figure 3a. 

Figure 3c shows an expanded view of the header 
36 shown in Figure 3b. 5i 

Figures 4a, 4b, 4c shows the components of various 
types of sectors on an optical disk. 

Figure 5a shows a prior art embodiment of a low 



frequency reference structure for encoding address in- 
formation. 

Figure 5b shows a high frequency clock reference 
structure. 

Figure 5c shows a structure obtained by combining 
the structures of Figure 5a and Figure 5b. 

Figure 6a shows a plan-view of an embodiment of 
the invention. 

Figure 6b shows an expanded view of the servo 
tracks of the optical disk shown in Figure 6a including 
data marks. 

Figure 7 shows a cross-sectional view of the servo 
tracks of the optical disk shown in Figure 6a. 

Figure 8 shows a relationship between the edges 
of data pits and a channel bit length. 

Figure 9a shows a clock reference structure formed 
along a servo track. 

Figure 9b shows a clock reference signal produced 
by the clock reference structure of Figure 9a. 

Figure 9c shows a square wave clock reference sig- 
nal formed by electronically processing the clock refer- 
ence signal of Figure 9b. 

Figure 9d shows a write clock formed by electroni- 
cally processing the signal of Figure 9c. 

Figure 10 shows an embodiment of an optical disk 
and an optical disk recorder. 

Figure 11 shows the modulation transfer function 
(MTF) of an optical transducer of a preferred optical disk 
recorder and the MTF of a standard DVD optical disk 
reader. 

Figure 12 shows an embodiment of the electronic 
control circuitry used to generate the write clock from 
the clock reference signal. 

Figure 13 shows the frequency spectrum of a prior 
art optical disk structure in which the clock reference 
structure has a spatial frequency where the spatial fre- 
quency of the data has been specifically nulled. 

Figure 14 shows the frequency spectrum an em- 
bodiment of the invention in which the clock reference 
structure has a spatial frequency which is greater than 
the spatial frequency spectrum of the data. 

Figure 15 shows the frequency spectrum of another 
embodiment of the invention in which the clock refer- 
ence structure has a spatial frequency which overlaps 
the spatial frequency spectrum of the data. 

Figure 16 shows a clock reference structure con- 
sisting of pits formed along a servo track. 

Figure 17 shows a quadrant detector used to pro- 
duce clock reference signals. 

Figure 18 shows MTF curves tor split detection and 
push pull detection. 

Figure 19 shows servo tracks having a clock refer- 
ence structure consisting of groove edges that oscillate 
substantially 1 80 degrees out of phase. 

Figure 20 shows servo tracks having a clock refer- 
ence structure consisting of groove edges that oscillate 
in phase. 

Figure 21 shows an embodiment of the invention 
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having a second optical transducer for reading data. 

Figure 22 shows "an embodiment of the invention 
having another configuration of a second optical trans- 
ducer which shares ,a combination objective lens with a 
first optical transducer. 

As shown in the drawings for purposes of illustra- 
tion, the preferred embodiment provides an optical disk 
structure and optical disk recorder which enables data 
to be written or re-written onto the recording layer of the 
optical disk. The data can be written or re-written with 
sub-bit accuracy without requiring the unwritten optical 
disk to be divided into physical sectors. Furthermore, 
synchronization fields and edit gaps are not required on 
an optical disk on which data is to be written. The optical 
disk recorder includes an optical transducer which can 
resolve and detect a high spatial frequency clock refer- 
ence structure located on the optical disk. Standard 
DVD-ROM disk readers are not able to resolve and de- 
tect the clock reference structure. Therefore, the optical 
disk structure and optical disk recorder of this invention 
allow production of re-writable optical disks which can 
be read by standard DVD-ROM disk readers. Addition- 
ally, the optical disk recorder can read optical disks. 

A clock reference structure is permanently formed 
along servo tracks of the optical disk. An optical trans- 
ducer is coupled to the clock reference structure and 
generates a clock reference signal simultaneously with 
writing new data onto the recording layer of the optical 
disk. The data is written as data marks along the servo 
tracks. Each of the data marks includes a first and a sec- 
ond edge. During recording, the edges of the data marks 
are formed in synchronization with a write clock. There- 
fore, each time the edge of a data mark is formed, the 
write clock has completed the same fraction of a cycle. 
The write clock is phase-locked to the clock reference 
signal. Therefore, the edges of the data marks are 
formed in synchronization with the clock reference sig- 
nal with sub-bit accuracy. Therefore, the edges of the 
data marks are accurately aligned with the clock- refer- 
ence structure. The edge of the data mark is only re- 
corded when required by the data written and the data 
encoding scheme. Many cycles of the clock reference 
structure will not have a corresponding data mark edge. 

Figures 4a, 4b, 4c illustrate a comparison of the 
fields of information along the tracks of two prior art op- 
tical disks, and the preferred data fields Figure 4a shows 
a prior art sector which includes a sync field 42, a servo 
field 46, an address field 44, a data field 38 and an edit 
gap 40. Figure 4b shows a prior art sector which in- 
cludes a sync field' 42, an address field 44, a data field 
36 and an edit gap 40. Figure 4c shows a data field 50 
of the invention. The present invention does not require 
a sync field, an address field, a servo field or an edit, 
gap. Furthermore, the preferred data field 50 is arbitrary 
in length. The clock reference structure provides syn- 
chronization information which is precise enough to al- 
low elimination of edit gaps. The track address informa- 
tion is included within the clock reference structure 



As shown is Figure 4c. the preferred data fields are 
indeterminate in length. A data field of indeterminate 
length is a data field in which the data field length and 
corresponding data capacity are not determined by any 
5 permanent structure formed on the optical disk. There- 
fore, the lengths of data blocks can be determined solely 
by the requirements of the format and the code used to 
record the data. Many data formats, including the DVD 
format, establish uniform data field lengths and include 
to addresses and synchronization information for use dur- 
ing data read out. This information is recorded as data 
marks. A data field of indeterminate length can accom- 
modate any pattern of data marks in any code or format, 
whether it represents synchronization information, ad- 
*5 dress information, data or other information. Any infor- 
mation which can be written as data marks can be writ- 
ten anywhere on the disk. In the case of spiral servo 
tracks, one data field of indeterminate length can be as 
large as the entire disk. In the case of circular servo 
20 tracks, one data field of indeterminate length can be as 
large as one entire track. 

The track address information can be included as a 
lower spatial frequency modulation superimposed on 
the higher clock reference structure spatial frequency. 
25 Figure 5a shows a low spatial frequency track address 
structure 52 which includes track address information. 
Figure 5b shows a high spatial frequency clock refer- 
ence structure 54. Figure 5c shows the structuresof Fig- 
ure 5a and Figure 5b combined. The structure of Figure 
30 5c provides both a clock reference structure for gener- 
ating a clock reference signal and a track address struc- 
ture for generating a track address signal. Alternatively, 
the track address information can modulate the spatial 
frequency of the clock reference structure. 
3£ A purpose of the preferred embodiment includes 

the elimination of physical sector information from unre- 
corded optical disks. The term -physical sectors" for the 
purposes of the description refers to permanently em- 
bossed structures between the data fields shown in Fig- 
40 ure 4a and Figure 4b. Synchronisation information may 
still be included within data fields. This synchronization 
information can be used to synchronize a clock within 
an optical disk reader to read data within a data field. 
Such synchronization information is not present before 
45 data has been written to the optical disk. Further, such 
synchronization information is not required by an optical 
disk recorder of the invention to generate a reference 
clock signal. The DVD-ROM specification refers to the 
segmenting of data and the inclusion of synchronization 
so information within the data as "physical sectoring." For 
this description this is referred to as "logical sectoring" 
to distinguish it from permanently embossed synchroni- 
zation information located between data fields which is 
formed during manufacturing of a re-writable optical 

55 disk. 

Figures 6a, 6b show an embodiment of the inven- 
tion. Figure 6a shows a plan-view of an optical disk 50 
of this embodiment. This embodiment includes the op- 



NSOOCID: <£P 0893793A2_I_> 



9 



EP 0 893 793 A2 



10 



tical disk 50 having servo tracks 52, 54, 56. Figure 6b 
shows an expanded view of the servo tracks 52, 54, 56 
shown in Figure 6a. Each of the servo tracks 52, 54, 56 
includes data marks 58 which are written to a recording 
layer of the optical disk 50. Each of the servo tracks 52 : 
54; 56 are shaped as grooves which include a first edge 
60 and a second edge 62. Figure 7 shows a cross-sec- 
tional view of the servo tracks 52, 54, 56. The first edge 
60 and the second edge 62 are formed to oscillate at a 
predetermined spatial frequency and phase. For this 
embodiment, the first edge 60 and the second edge 62 
oscillate in-phase. The data marks 58 are formed in the 
grooves of the servo tracks 52, 54, 56. 

Alternative configurations of the embodiment 
shown in Figures 6a, 6b exist. For example, the data 
marks 58 may be written to the recording layer in the 
grooves or between the grooves. The data marks 58 
may be permanent (write once) or re-writable. The data 
marks 58 may affect the amplitude, phase or polariza- 
tion of light emitted from an optical transducer. The ser- 
vo tracks 52, 54, 56 may be concentric or spiral. 

Another embodiment of the invention includes the 
data marks 58 being formed on the recording layer by 
heating the recording layer of the optical disk 50 with a 
focused laser beam at the locations where the data 
marks 58 are written. In phase-change recording, the 
optical reflectivity of the data marks 58 is determined by 
controlling the rate at which the temperature of the re- 
cording layer of the optical disk 50 cools where the data 
marks 58 are located. 

The recording layer of an optical disk is character- 
ized by a recording threshold. The recording threshold 
being the minimum irradiance (optical power per unit ar- 
ea) at the recording layer necessary to alter the record- 
ing layer in an optically detectable way; for example by 
writing data marks. Irradiance levels below the record- 
ing threshold do not alter the recording layer and are 
used for producing the focus and tracking error signals 
used for maintaining the alignment of the optical trans- 
ducer with the servo track. Irradiance levels below the 
recording threshold are also used in an optical disk read- 
er to read recorded data. 

As is well known in the art, the optical power emitted 
by a laser diode can be modulated at very high frequen- 
cies .by modulating the electrical current used to drive 
the laser diode. Data recording is accomplished by mod- 
ulating the laser diode drive current, thereby modulating 
the optical power emitted by the laser and, consequent- 
ly, the irradiance at the recording layer. Whenever the 
irradiance at the recording layer is modulated above the 
recording threshold the recording layer is altered and a 
data mark is written. The positions of the edges of data 
marks along the servo track correspond with the times 
of read signal transitions when the data marks are read 
by an optical disk reader. 

Methods for manufacturing grooved optical disks 
are well known in the art and are currently employed in 
the production of most re-writable optical disks. Typical- 



ly, a smooth glass disk is coated with photoresist and 
exposed with a focused laser beam as the disk is rotated 
on a precision spindle under servo control. For a spiral 
groove, the focused laser beam is continuously trans- 
s lated in the radial direction as the disk rotates. The ex- 
posed disk is developed to remove exposed photoresist 
and to harden unexposed photoresist; the exposed 
glass disk is then called the master. The master is then 
heavily plated with a metal (usually nickel), filling the 

to grooves where the photoresist was exposed by the la- 
ser. The metal plating is separated from the master and 
mounted to a metal backing plate to form a sub-master 
or stamper. The sub-master is used as one surface of a 
mold used to manufacture grooved disk substrates. 

75 Substrates are normally injection molded from transpar- 
ent polycarbonate plastic and then coated with the re- 
cording layer to form re-writable optical disks. The re- 
cording layer is then coated with a protective lacquer 
film. Laser light used for reading and writing data is fo- 

20 cused through the substrate. This arrangement protects 
the recording layer from damage and contamination. 

The edges of the grooves can be formed to oscillate 
in-phase by radially deflecting the laser beam while ex- 
posing the photoresist in the mastering process. As is 

25 well known in the field of optics, high frequency deflec- 
tions are practical to implement using a galvanometer 
mirror, an electro-optic deflector or an acousto-optic de- 
flector in the path of the laser beam between the laser 
and the objective lens. 

30 The edges of the grooves can be formed to oscillate 
substantially 180 degrees out-of -phase by modulating 
the power of the laser beam while exposing the photore- 
sist in the mastering process. Numerous practical meth- 
ods exist for modulating the power of a laser beam at a 

3S high frequency. Some lasers can be modulated directly 
by controlling a current or voltage source connected to 
the laser. Otherwise, an electro-optic or acousto-optic 
modulator, can be used in the laser beam path. A variety 
of modulation methods are also available that operate 

40 within the cavity of a gas laser, as is well known in the 
field of optics. Other methods of forming grooves can 
be used including a method which forms a clock refer- 
ence structure which consists of a groove having a sin- 
gle edge which oscillates. 

45 Prior to writing data to an optical disk, the data is 

encoded. A primary purpose of encoding data is to max- 
imize the data storage capacity of the disk. Using the 
DVD format as an example, Figure 8 illustrates some o1 
the elements of a data encoding scheme. Data pits 31 

50 are formed along servo track center line 35. The shortest 
pit 37 that can be reliably read by a DVD reader has a 
length 39 equal to .40 um. This is dimension is approx- 
imately equal to the width of all pits, and the shortest pit 
37 is therefore nearly circular The shortest readable dis- 
ss tance 41 between adjacent pits is also .40 um. The 
lengths of pits and the lengths of spaces between pits 
are required by the code to be integer multiples of a 
channel bit length 43. The distance between any two pit 



6 



11 



EP 0 893 793 A2 



12 



edges is therefore an integral multiple of the channel bit 
length. The channel bit length for the DVD code is .133 
urn. The pit lengths and space lengths allowed by the 
DVD code are .400, .533, .666... 1.866 urn. The short- 
est pit is 3 channel bits long (.400 urn) and the longest 
pit is 14 channel bits long (1.866 um). 

Figures 9a, 9b, 9c, 9d show how a write clock is 
produced. A servo track comprises a groove 3 on the 
recording layer of an optical disk. A clock reference 
structure comprises groove edges 5 and 7 which oscil- 
late substantially 1 80 degrees out of phase. As the clock 
reference structure passes the optical transducer (not 
shown) of an optical disk recorder (not shown) the opti- 
cal transducer produces clock reference signal 9 shown 
in Figure 9b. As the optical disk rotates, the clock refer- 
ence structure passes by the optical transducer. In Fig- 
ure 9a, an increment of disk motion equal to one spatial 
period 11 of the clock reference structure causes the 
clock reference signal 9 of Figure 9b to pass through 
one temporal period 13 of modulation. As shown in Fig- 
ures 9a, 9b, 9c, 9d, one spatial period 11 of the clock 
reference structure has a length equal to four channel 
bits. One temporal period 13 of modulation of the clock 
reference signal 9 has a time duration equal to four cy- 
cles of the write clock. Thus, one cycle of the write clock 
corresponds to one channel bit length on the disk For 
purposes of illustration, the spatial period 11 of the clock 
reference structure of Figure 9a is shown at the same 
drawing scale as a corresponding increment of time 
Namely, the temporal period 13 of the clock reference 
signal shown in Figure 9b. The ratio of an increment of 
disk motion to the corresponding increment of time is 
the linear velocity of the disk. 

Clock reference signal shown in Figure 9b is elec- 
tronically processed to produce a square wave clock ref- 
erence signal 15 shown in Figure 9c. Each cycle of the 
square wave clock reference signal 15 is electronically 
divided by four to produce a write clock 17 as shown in 
Figure 9d. Write clock 17 is a temporal signal produced 
at four times the frequency of the clock reference signal 
and is phase locked to the clock reference signal. Write 
clock 17 remains phase synchronized with the clock ref- 
erence signal regardless of the rotational speed of the 
disk. 

In Figure 9a, edges of data marks 19 are spatially 
aligned with the clock reference structure and are there- 
fore temporally aligned with the clock reference signal 
Data marks 19 which pre-exist on the disk do not affect 
the process of generating the write clock and will be 
over-written with new data. 

When recording re-writable data on a DVD format 
disk, a write clock is needed which has a temporal period 
which corresponds to a channel bit length of .133 um. 
Thus, one channel bit length passes the optical trans- 
ducer during each period of the write clock. Since a clock 
reference structure with a spatial period of. 133 um can 
not be resolved by currently available optical transduc- 
ers, the spatial period of the clock reference structure it 



selected to be a multiple of the channel bit length. In this 
example, one period of the clock reference structure has 
a length of four channel bits, equal to .533 um. The fre- 
quency of the clock reference signal is then % of the 
5 channel bit frequency and the clock reference signal is 
increased in frequency by a factor of four to produce the 
write clock. 

Figure 10 shows an optical disk 80 and optical disk 
recorder 81 of this invention. The optical disk recorder 

io 8i receives the optical disk 80. The optical disk recorder 
81 includes a rotational motor 84 for rotating the optical 
disk 80. The optical disk recorder 81 also includes an 
optical transducer 82 which generates a clock reference 
signal as a clock reference structure of the optical disk 

is 80 passes by the optical transducer 82 as the optical 
disk 80 rotates. In one embodiment, the spatial frequen- 
cy of the clock reference structure is greater than the 
spatial frequencies detectable by standard DVD-ROM 
readers. Electronic control circuitry 83 within the optical 

20 disk recorder 81 synchronizes a write clock with the 
clock reference signal generated by the optical trans- 
ducer 82. A write signal synchronized with the write 
clock controls when the optical transducer 82 writes 
edges of data marks to a recording layer of the optical 

25 disk 80. 

The rotational motor 84 is generally the same as the 
rotational motors used in prior art optical disk drives. 

Figure 10 shows that the optical transducer 82 of 
the optical disk recorder 81 includes several optical de- 

30 vices. A laser diode 90 emits a linearly polarized beam 
of light 92 which is collimated by a collimator lens 94. 
The light beam 92 is passed through a polarization 
beam splitter 96. The light beam 92 is converted from 
linear polarization to circular polarization by a quarter 

35 wave retardation plate 98. The light beam 92 then pass- 
es through an aperture stop 99 and is focused by an 
objective lens 1 00 onto the recording layer of the optical 
disk 80 whereupon data is recorded. A portion of the 
light beam 92 is reflected by the optical disk 80 and re- 

40 turns through the objective lens 100 and the quarter 
wave retardation plate 98. Upon passing back through 
the quarter wave retardation plate 98, the light beam 92 
is again linearly polarized. However, the polarization di- 
rection of the light beam 92 is rotated 90 degrees relative 

45 to its initial orientation. Therefore, the polarization beam 
splitter 96 reflects substantially all of light beam 92 to- 
wards a beam splitter 102. The beam splitter 102 splits 
the beam 92 into a first light beam 104 and a second 
light beam 106. The first light beam 104 is collected by 

so a first lens 1 08 onto a first detector 110 which is arranged 
to produce a focus-error signal. The second light beam 
106 is collected by a second lens 112 onto a second 
detector 114 which is arranged to produce a tracking- 
error signal used by the tracking positioner, and a clock 

55 reference signal. Detectors 110 and 114 generally in- 
clude multiple detection areas and produce multiple sig- 
nals as is well known in the art. Many alternative ar- 
rangements of the optical components and detectors 
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are possiDie, including arrangements which combine or 
eliminate optical components shown in Figure 10. 

The optical power emitted by the laser diode 90 can 
be modulated at very high frequencies by modulating 
the electrical current used to drive the laser diode 90. s 
Data recording is accomplished by modulating the laser 
diode 90 drive current, thereby modulating the optical 
power emitted by the laser diode 90, and consequently 
the irradiance at the recording layer of the optical disk 
SO. The electrical current used to drive the laser diode to 
90 is controlled by the write signal. 

The ability of an optical system to resolve fine struc- 
tures like the preferred clock reference struciure is de- 
scribed by the modulation transfer function (MTF) of the 
optical system. Using methods such as Fourier trans- 1 $ 
forms, the spatial distribution of light leaving an object 
can be represented as a spatial frequency distribution 
in which each spatial frequency component has a par- 
ticular amplitude and phase. A similar approach is com- 
monly used to represent an electrical signal in terms of 20 
the component temporal frequencies of the electrical 
signal. An optical system such a lens, acts as an optical 
filter which selectively attenuates each spatial frequen- 
cy component in an image formed by the lens. For each 
spatial frequency component, the lens has a transfer 25 
factor which determines the ratio of image modulation 
(lens output) to object modulation (lens input). The MTF 
of the lens specifies the transfer factor as a function of 
spatial frequency. 

An aberration-free lens such as the objective lens 30 
in the optical transducer of an optical disk recorder or 
reader, has an MTF which is well known in the art of 
optics as being the appropriately scaled autocorrelation 
of the pupil function. Figure 11 is a graph of the MTF for 
two aberration-free optical transducers having uniformly 35 
filled circular pupils. The functional form of the MFT is 
similar for all aberration-free optical transducers. How- 
ever, the spatial frequency at which the MTF goes to 
zero, known as the cutoff frequency, depends on the nu- 
merical aperture (NA) of the objective lens and the 4 ° 
wavelength (X) of the light forming the image. The cutoff 
frequency is determined by 2*NAA, and is the highest, 
spatial frequency that can be detected by the transduc- 
er. Any spatial frequency component higher than the 
cutoff frequency will not exist in the output of the optical 45 
transducer. In an optical disk reader or recorder, the cut- 
off frequency is determined by the wavelength of the 
light source and the numerical aperture of the objective • 
lens used to focus a light beam onto the recording layer 
of an optical disk. Curve 116 of Figure 11 illustrates the so 
MTF of an optical transducer having a numerical aper- 
ture of 0.60 and an operating wavelength of 650 nm. 
The cutoff frequency 117 for this optical transducer is 
1 .85 cycles/um. 

Manufacturers of optical disks and optical disk read- ss 
ers develop and agree to optical data storage industry 
standards. These standards ensure that any optical disk 
can be read by any optical disk reader if the optical disk 



and the reader conform to the same industry standards. 
DVD is an example of an industry standard. The speci- 
fications for DVD define numerous parameters of both 
DVD disks and DVD readers. The specifications include 
certain parameters of the optical transducer in the opti- 
cal disk reader. These parameters include the wave- 
length (650 nm) and the numerical aperture (0.60) of the 
light beam focused on the optical disk. Curve 116 rep- 
resents the MTF (or the optical transducer of an industry 
standard DVD optical disk reader. As illustrated by curve 
116, and as calculated above, the cutoff frequency for 
an industry standard DVD reader is '1.85 cycles/um 

The DVD standard only applies to read-only-mem- 
ory (ROM). The DVD standard does not specify the de- 
sign and manufacture of re-writable optical disks that 
can be read by industry standard DVD optical disk read- 
ers. There is a market demand for re-writable DVD disks 
and for optical disk recorders for writing data to the re- 
writable DVD disks. The preferred embodiments can 
provide a continuous and permanent clock reference 
structure for use in recording re-writable DVD disks : 
wherein the clock reference structure can not be detect- 
ed by industry standard DVD readers. 

Curve 118 of Figure 11 represents the MTF of an 
optical transducer of a preferred embodiment of optical 
disk recorder. 

As illustrated by curve 118, the MTF of this optical trans- 
ducer is greater at all spatial frequencies than the MTF 
of the optical transducer of an industry DVD optical disk 
reader as illustrated by curve 1 1 6. In addition, cutoff fre- 
quency 119 for the optical disk recorder (2.46 cycles/ 
um) Is greater than the cutoff frequency 1 1 7 of an indus- 
try standard DVD reader (1.85 cycles/um). 

Curve 118 represents the MTF of an optical trans- 
ducer having a numerical aperture of 0.8 and a light 
beam wavelength of 650 nm. However, curve 118 can 
alternatively represent the MTF of an optical transducer 
in which the numerical aperture is 0.6 and the light beam 
wavelength is 488 nm. In either of these example cases : 
the cutoff frequency 119 is 2.46 cycles/um and the 
shape of the MTF curve is as represented by the curve 
118. 

Figure 11 also shows the clock reference structure 
spatial frequency 121 of 1.875 cycles/um. The spatial 
frequency of the clock reference structure is too high for 
a DVD reader to detect. That is, the spatial frequency o1 
the clock reference structure is higher than the 1 .85 cy- 
cles/um cutoff frequency of an industry standard DVD 
reader However, the MTF of the optical transducer of 
the disk recorder constructed according to the principles 
of the present invention has a cutoff frequency 119 
which is greater than the spatial frequency of the clock 
reference structure. Therefore, the disk recorder can de- 
tect the clock reference structure and the DVD reader 
cannot. The numerical values presented here are by 
way of example. The principles are the same for optical 
disk readers which have a higher or a lower cutoff fre- 
quency 
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Figure 12 shows an embodiment of the electronic 
control circuitry 83 which synchronizes the clock referr 
ence signal with the write clock. The write signal which 
is synchronized with) the write clock controls when the 
optical transducer 82 writes first and second transition s 
edges of the data marks to the surface of the optical disk 
80. Generally, the write clock functions at a frequency 
which is greater than the frequency of the clock refer- 
ence signal recovered from the optical disk 80 by the 
optical transducer 82. io 

The write clock is synchronized to the recovered 
clock reference signal using a harmonic locking phase- 
locked loop shown in Figure 12, and described in detail 
in F.M. Gardner (pp 201-204, Phaselock Techniques, 
John Wiley & Sons, second edition, New York, NY, is 
1979). 

The clock reference signal having a clock reference 
frequency (fr) is coupled to the phase-locked loop 
through a zero crossing detector 1012. The zero cross- 
ing detector 1012 converts the clock reference signal 20 
into a square wave. The square wave is coupled to a 
phase detector 1014. The write clock is generated at a 
frequency (N*f r) by a voltage controlled oscillator (VCO) 
1016. An output signal (write clock) of the VCO 1016 is 
frequency divided by a frequency divider 1 01 8. The out- 25 
put of the frequency divider 1 01 8 is coupled to the phase 
detector 1014. The phase detector 1014 generates a 
phase detect signal in which the amplitude of the detect 
signal is proportional to the phase difference between 
the frequency-divided VCO signal and the square wave 30 
clock reference signal. Various embodiments of the 
phase detector exist, some of which include charge 
pump circuitry. The phase detect signal is amplified and 
filtered by a loop amplifier/filter 1020. The output of the 
amplifier/filter 1020 is coupled to the VCO and will ad- 35 
vance or retard the phase of the VCO output signal. 

The harmonic locking phase-locked loop accom- 
plishes two functions. The first function is to generate a 
write clock which is at N times the frequency (fr) of the 
detected clock reference signal. The second function is 40 
to minimize the phase difference between the clock ref- 
erence signal and the divided VCO signal 

While there is design flexibility in the choice of the 
reference multiplier N, it is not arbitrary. As noted on 
page 202 of Gardner; "the phase jitter at the output in- 45 
eludes a component equal to N times that portion of the 
reference jitter that passes through the loop transfer 
function. Also, if there is closed-loop baseband noise vn 
at the phase detector output, then the corresponding 
VCO jitter is N(vn/Kd) (where Kd is the gain of the VCO), so 
assuming that the spectrum of vn lies in the loop band- 
width. If N is large, the output jitter can be unacceptable, 
even for respectfully small values of reference jitter or 
vn. Extreme measures are sometimes needed to sup- 
press stray circuit noises that are ordinarily negligible." ss 

Essentially, there is a practical limitation to the size 
of N due to the amplification of jitter and noise in the 
loop. For this reason, when a write clock frequency 



greater than the clock reference frequency is required, 
it is most advantageous to maximize the clock reference 
frequency. Therefore, N is minimized, which minimizes 
the jitter. 

s This creates a distinction between clock reference 

structures having fundamental frequencies significantly 
lower than the maximum data spatial frequency and the 
clock reference structure of this invention. That is, the 
jitter produced by clock reference structures with funda- 
to mental spatial frequencies which are significantly lower 
than the maximum data frequency is likely to be too 
great to be of practical use in writing to an optical disk 
unless the data is divided into sectors which include edit 
gaps within them. However, the preferred clock refer- 
is ence structure, having spatial frequencies comparable 
to or greater than the maximum fundamental data spa- 
tial frequency, will have less jitter and noise amplification 
in the harmonic locking phase-locked loop than a clock 
reference structure having a spatial frequency less than 
20 the maximum fundamental data spatial frequency. 
Therefore, the preferred clock reference structure ena- 
bles the production of a superior write clock. 

The data signal and the clock reference signal are 
both coupled to the optical transducer in both optical 
25 disk readers and optical disk writers. Therefore, the data 
signal and the clock reference signal must be separated. 
To understand the process of separating the data signal 
from the clock reference signal, it is important to realize 
that as the optical disk rotationally passes under the op- 
30 tical transducer at a particular velocity, spatial frequen- 
cies of structures on the recording layer of the optical 
disk are translated into temporal frequencies. For a giv- 
en spatial frequency (t>) on the optical disk and a given 
linear velocity (v) of the disk passing under the trans- 
35 ducer, there is a specified temporal frequency (f) such 
that f is equal to -oV Therefore, the spatial frequency 
relationship between the data marks and the clock ref- 
erence structure is preserved as a temporal frequency 
relationship between the data signal and the clock ref- 
40 erence signal. 

In prior art clock generation schemes that use syn- 
chronization fields in sector headers, the separation of 
the data signal and the clock signal is realized by spa- 
tially alternating the data and clock signals. The sepa- 
45 ration is accomplished by only resynchronizing the write 
clock during the sector headers and running the write 
clock open loop while the optical transducer is coupled 
to data fields of the optical disk. The spatial multiplexing 
becomes time domain multiplexing as sector headers 
so and data fields alternately pass the optical transducer 
of an optical disk reader or optical disk recorder. 

Spatial multiplexing as previously described, can 
not be used to obtain a clock reference structure which 
is coincident with the data structure. Rather, it is neces- 
ss sary that the clock reference signal be separable from 
the data signal while data is being read or written. Gen- 
erally, there are three optical storage configurations 
available for accomplishing the required separation of 
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the clock reference signal and the data signal. 

The first configuration includes the clock reference 
structure having a spatial frequency at which the spatial 
frequencies of the data have been specifically encoded 
to be nulled. Figure 13 shows the frequency spectrum s 
of the first configuration. That is, the data stored on the 
optical disk is encoded so that the data spatial frequency 
spectrum 1 1 10 does not include appreciable signal pow- 
er at the clock reference structure spatial frequency 
1112. This is similar to the configurations described by 10 
US patents 4,238,843, 4,363,116, 4,366,564, 
4,375,088, 4,972,401 . In this configuration, the data de- 
coding is designed to ignore data frequency compo- 
nents which are at the clock reference frequency. The 
primary disadvantage of this configuration is that special '5 
coding of the data is required. The data coding required 
for this configuration is incompatible with several exist- 
ing coding standards including the DVD-ROM standard. 

A second configuration includes the clock reference 
structure having a spatial frequency which is greater 20 
than the spatial frequency of the data. Figure 14 shows 
the frequency spectrum of the second configuration. 
The data is stored on the optical disk so that the data 
spatial frequency spectrum 1210 is lower than the clock 
reference structure spatial frequency 1 212. For this con- 25 
figuration, an optical reader like a DVD-ROM optical 
reader, can not detect the spatial frequency of the clock 
reference structure. That is, the optical resolution of the 
optical disk writer is greater than the optical resolution 
of the optica! disk reader. The optical disk writer can ac- 30 
quire and isolate the clock reference signal while exclud- 
ing the data signal due to pre-existing data using well 
known signal processing techniques. 

A third configuration includes the clock reference 
structure having a spatial frequency which overlaps the 35 
spatial frequency spectrum of the data. Figure 1 3 shows 
the frequency spectrum of the third configuration. The 
data is stored on the optical disk sothat the data.spatial 
frequency spectrum 1310 overlaps the clock reference 
structure spatial frequency 1312 40 

The first configuration constrains the coding of data 
stored on the optical disk to an extent that this configu- 
ration can not be used for writing data to optical disks 
which are to be read by a DVD-ROM reader. 

The second and third configurations are the subject 45 
of the invention. The second configuration offers the ad- 
vantage that the clock reference frequency is greater 
than the clock reference frequency of the third configu- 
ration. As previously described, the greater the frequen- 
cy of the clock reference signal, the lower the amount so 
of jitter that will be added to the write clock. 

The preferred optical disk includes construction for 
producing a data signal with a high signal-to-noise ratio 
(SNR) when read by an optical disk reader. A clock ref- 
erence signal is an unwanted source of noise if it ap- 55 
pears within the data signal of the reader. The optical 
and electronic specifications of the optical transducer of 
a standard DVD optical disk reader are defined by a 



DVD format specification and are well known. Further, 
DVD readers are publicly sold. It is possible to determine 
the extent a clock reference structure formed on a re- 
writable DVD optical disk produces noise in the data sig- 
nal of a standard DVD optical disk reader. The optical 
disk of the present invention includes construction for 
minimizing such noise. 

The preferred optical disk can also include con- 
struction to produce a high SNR clock reference signal 
while being recorded by an optical disk recorder. 

A data signal produced by pre-existing. data marks 
on the disk is an unwanted source of noise if the data 
signal appears within the clock reference signal of the 
recorder. The optical disk recorder of the invention in- 
cludes construction to maximize the clock reference sig- 
nal while minimizing noise due to pre-existing data 
marks 

The clock reference structure of the re-writable op- 
tical disk is described by way of three embodiments. 
Each embodiment substantially eliminates a clock ref- 
erence signal as a potential noise source in the data sig- 
nal produced by a standard optical disk reader and pro- 
duces a high SNR clock reference signal in an optical 
disk recorder of the invention. Each of the embodiments 
enables the optical disk to be recorded in DVD format 
and subsequently re-written, in whole or in part, such 
that the disk is readable by a standard DVD reader 

Figure 16 depicts a first embodiment clock refer- 
ence structure comprising a series of clock pits 33 ar- 
ranged to form a servo track having a center line 37 on 
the recording layer of the optical disk. The clock refer- 
ence structure has a fundamental spatial frequency de- 
fined as the reciprocal of the spatial period 35 measured 
between the centers of adjacent clock pits. The spatial 
frequency of the clock reference structure is higher than 
the cutoff frequency of the optical transducer of a stand- 
ard optical disk reader. Therefore, the clock reference 
signal will not appear in the data signal produced by the 
optical disk reader. In this embodiment, the clock pits 
comprising the clock reference structure also perform 
the functions of a servo track. Data marks 1 9 are record- 
ed along the servo track. 

In a preferred optical disk recorder, the undesired 
data signal can be separated from the clock reference 
signal electronically. The frequency of the clock refer- 
ence signal exceeds the highest fundamental frequency 
of the data signal, permitting the data signal to be sub- 
stantially removed by high-pass electronic filtering. 
Electronic signal separation is enhanced due to the high 
spectral power and narrow spectral bandwidth of the 
clock reference signal. 

In an optical disk recorder, significant additional re- 
jection of the data signal is obtained by detecting the 
clock reference signal using split detection (sometimes 
called tangential push-pull detection), an optical detec- 
tion method well known in the art. In Figure 10, an optical 
detector 114 is located substantially at a pupil of the op- 
tical transducer (an optical location sometimes referred 
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to as "in the far field of the disk"). The lens 94 forms a 
pupil at detector 114 by forming an image of aperture 
stop 99 on detector 114. Figure 17 shows an enlarged 
plan view of optical c-etector 1 1 4. The circular perimeter 
31 shows the outer boundary of the area of detector 114 s 
that is illuminated by beam 106 of Figure 10. Line 29 
indicates the tangential direction relative to the disk (ser- 
vo tracks are parallel to the tangential direction). The 
detector 11 4 is symmetrically divided into four detection 
areas called quadrants. Each quadrant produces an io 
electrical output signal which is substantially proportion- 
al to the optical power incident on that quadrant, as is 
well known in the art. As shown in Figure 17, detector 
quadrants 21, 23, 25 and 27 produce electrical output 
signals A, B, C and D, respectively. A split detection sig- 75 
nal is produced by combining the signals from the de- 
tector quadrants according to the formula ((A+D)- 
(B+C)), which is sometimes normalized by dividing by 
(A+B+C-t-D). The theory of optical disk readout has been 
extensively studied, and the characteristics of signals 20 
produced using split detection are well known for a va- 
riety of structures on the recording layer. 

Split detection produces substantially no signal 
from the data marks produced by phase change record- 
ing wherein data marks primarily affect the amplitude of 25 
the reflected light but not its phase. (Note that the name 
"phase change" applies to the crystalline or amorphous 
phase of the recording layer, not whether the recorded 
marks affect the amplitude or phase of the incident light.) 
The clock pits which constitute the clock reference struc- 30 
ture produce a well-modulated clock reference signal 
when detected using split detection in the optical trans- 
ducer of the optical disk recorder. For best SNFt of the 
clock reference signal, the preferred round trip optical 
depth for the pits is X/4, where X is the wavelength of 35 
the light used in the optical transducer of the optical disk 
recorder. The optical depth of structures on the record- 
ing layer of an optical disk is defined as physical depth 
multiplied by the refractive index of the. disk substrate 
material in contact with the recording layer. <*o 

Referring to Figure 18, curve 123 shows the MTF 
for an optical transducer which produces a clock refer- 
ence signal using split detection. Split detection causes 
a reduction in MTF at low spatial frequencies, but does 
not reduce the cutoff frequency or the MTF of the optical 45 
transducer of the recorder at the clock reference struc- 
ture spatial frequency 1 21 . Split detection therefore pro- 
vides a means for producing a well-nnodulated high-res- 
olution clock reference signal in the recorder while writ- 
ing or re-writing data on an optical disk of the type de- so 
scribed herein. 

In a second embodiment clock reference structure : 
as depicted in Figure 1 9 t servo tracks comprise grooves 
3 in the recording layer and the clock reference structure 
comprises edges of grooves 5, 7 which oscillate sub- 55 
stantially 180 degrees out of phase. For best clock ref- 
erence signal SNR the preferred round-trip optical 
depth of the grooves is a/4 where a. is the wavelength 



of the light used in the optical transducer of the recorder. 
Data marks 19 are recorded along servo tracks. 

A prior art standard optical disk reader generates a 
data signal using central aperture (CAP) detection. CAP 
detection is a method well known in the art which forms 
a signal by summing the four quadrant signals produced 
by a quadrant detector similar to the optical detector 114 
of Figure 17. The CAP detection signal is thus 
(A+B+C+D) where A, B, C, D represent the signals from 
the detector quadrants. Alternatively, a detector with a 
single detection area large enough to capture the entire 
beam diameter is equivalent and may be used. CAP de- 
tection is well known in the art to have low sensitivity to 
structures on the recording layer having a round trip op- 
tical depth of A/4 where X is the wavelength of the light 
used in the optical transducer of the reader. This signal 
rejection characteristic of CAP detection permits the use 
of clock reference structures such as those shown in 
Figure 19 with spatial frequencies below the cutoff fre- 
quency of the optical transducer of a standard optical 
disk reader. 

In a preferred configuration, however, the spatial 
frequency of the clock reference structure exceeds the 
cutoff frequency of the optical transducer of a standard 
optical disk reader. In this case, the clock reference sig- 
nal will be entirely eliminated from the data signal pro- 
duced by the standard optical disk reader. 

In an optical disk recorder, constructed to record da- 
ta on disks having a reference structure comprising 
groove edges that oscillate substantially 180 degrees 
out of phase, the preferred method for detecting the 
clock reference signal is split detection, as previously 
described herein. As previously described, split detec- 
tion produces substantially no signal from data marks, 
such as phase change marks, which primarily affect the 
amplitude of the reflected light. As previously noted, and 
as shown by curve 1 23 in Figure 1 8, split detection main- 
tains the full MTF and cutoff frequency of the optical 
. transducer of the recorder at the clock reference signal 
spatial frequency 121, enabling a well-modulated clock 
reference signal to be produced. 

In a third embodiment clock reference structure, as 
depicted in Figure 20, servo tracks comprise grooves 3 
in the recording layer, the clock reference structure com- 
prising edges 5, 7 of grooves which oscillate in phase. 
The preferred round-trip optical depth of the grooves is 
X/4. Data marks 1 9 are recorded along servo tracks. As 
previously discussed, a standard optical disk reader us- 
es central aperture (CAP) detection for generating a da- 
ta signal. It is well known in the art of optical data storage 
that CAP detection substantially does not detect a signal 
produced by groove edges that oscillate in phase. It is 
also well known that CAP detection has very low sensi- 
tivity to structures having a round trip optical depth of XJ 
4. These two modes of signal rejection work together to 
enable the spatial frequency of the clock reference 
structure to be below the cutoff frequency of the optical 
transducer of a standard DVD reader without producing 
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unacceptable levels of noise in a data signal produced 
by the reader. 

In an optical disk recorder, constructed to record da- 
ta on disks having a reference structure comprising 
groove edges that oscillate in phase, the preferred 5 
method for detecting the clock reference signal is radial 
push-pull detection, an optical method well known in the 
art of optical data storage. Radial push-pull detection 
forms a signal according to the formula ((A+B)-(C+D)). 
which is sometimes normalized by dividing by 10 
(A+B+C+D). As previously discussed, A, B, C and D are 
electrical outputs from quadrants 21_, 23, 25 and 27 of 
detector 114 in Figure 17. Radial push-pull detection 
produces substantially no signal from data marks. Data 
marks are not detected, first because they primarily at- is 
feet the amplitude of the reflected light, and secondly 
because they are nominally symmetric about the center 
of the track. As is well known in the art, radial push-pull 
detection is sensitive to structures which affect the 
phase of the reflected light and which are asymmetric 20 
about track center. Radial push-pull detection produces 
a well-modulated signal from groove edges which oscil- 
late in phase, especially when the round trip optical 
depth of the groove is XIA. Radial push-pull detection 
provides sufficient rejection of the undesired data signal ss 
to permit recovery of a clock reference signal having a • 
frequency within the frequency range of the data. It is 
desirable to provide the ability to use a clock reference 
structure with a spatial frequency below the cutoff fre- 
quency of a standard optical disk reader because the 30 
radial push-pull signal detection method reduces the 
cutoff frequency of the recorder's optical transducer 
when recovering a clock reference signal. Curve 125 of 
Figure 18 illustrates the MTF for an optical transducer 
in an optical disk recorder during detection of a clock 35 
reference structure using radial push pull detection. The 
cutoff frequency (f c ) 127 of the optical transducer of the 
.optical disk recorder for purposes of detecting a clock 
reference structure is reduced from a value of 2NAAto 
a value of: 40 

f c = J(2NA/X) 2 \ 1/P 2 ] 

Where the track pitch P is the radial distance be- 
tween track centers. The MTF curves of Figure 18 have 
been derived for the same optical transducers that are 
represented by MTF curves 116 and 118 of Figure 11. 
Curves 116 and 118 are shown again as dotted curves 
in Figure 18. In Figure 18, the MTF of the optical trans- so 
ducer in an optical disk recorder is represented by curve 
118. When a clock reference signal is detected using 
radial push pull detection, the MTF of the optical trans- 
ducer is reduced. Curve 125 shows the reduced MTF. 
The cutoff frequency has also been reduced, from 2.46 ss 
cycles/um for curve 1 1 8 to 2.06 cycles/um for curve 1 25 
This MTF decline associated with radial push pull de- 
tection significantly reduces the modulation of a clock 



reference signal having a spatial frequency above the 
cutoff frequency of a standard optical disk reader. For 
this reason, the preferred configuration of this embodi- 
ment uses a clock reference structure having a spatial 
frequency below the cutoff frequency of a standard op- 
tical disk reader. Note that the MTF reduction illustrated 
with reference to Figure 1 8 applies only to the detection 
of the clock reference structure and does not affect the 
resolution of the optical transducer for the purpose of 
recording data. 

Note that the radial push pull sjgnal contains track- 
ing error information at frequencies substantially below 
the clock reference signal frequency and may also be 
used generate a tracking error signal for use by a track- 
ing positioner. 

The system can include other clock reference struc- 
tures such as a clock reference structure which consists 
of a groove having a single edge which oscillates. The 
three clock reference structures described here are by 
way of example. 

Figure 21 shows another embodiment of the optical 
disk recorder which includes a second optical transduc- 
er 1 82 for reading data stored on an optical disk 80. The 
optical disk recorder 81 has a first optical transducer 82 
and a second optical transducer 182 which are optically 
coupled to the recording layer of the optical disk 80. The 
first optical transducer 82 is used for recording data and 
operates as previously described with reference to Fig- 
ure 10. The second optical transducer 182 follows a ser- 
vo track as the optical disk 80 rotates. The data marks 
cause the second optical transducer 182 to produce a 
data signal as the optical disk 80 rotates. The second 
optical transducer 182 includes several optical devices 
and has many similarities with optical transducer 82. A 
laser 190 emits a linearly polarized beam of light 192 
which is collimated by a collimator lens 194. The light 
beam 192 passes through a polarization beam splitter 
.1 96. The light beam 1 92 is converted from linear polar- 
ization to circular polarization by a quarter wave retar- 
dation plate 198. The light beam 192 is focused by an 
objective lens 200 onto the recording layer of the optical 
disk 80 containing recorded data marks. A portion of the 
light beam 192 is reflected by the optical disk 80 and 
returns through the objective lens 200 and the quarter 
wave plate 198. Upon passing back through the quarter 
wave retardation plate 198, the light beam 192 is again 
linearly polarized. However the polarization direction of 
the light beam 192 is rotated 90 degrees relative to its 
initial orientation. Therefore, the polarization beam split- 
ter 196 reflects substantially all of light beam 192 to- 
wards beam splitter 202. The beam splitter 202 splits 
the beam 192 into a first light beam 204 and a second 
light beam 206. The first light beam 204 is collected by 
a first lens 208 onto a first detector 210 which is ar- 
ranged to produce a focus-error signal. The second light 
beam 206 is collected by a second lens 212 onto a sec- 
ond detector 214 which is arranged to produce a data 
signal. The second detector 214 also produces a track- 
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ing-er ror signal used by a tracking positioner. Detectors 
210 and 214 generally include multiple detection areas 
and produce multiple detection signals as is well known 
in the art. Many alternative arrangements of the optical 
components and detectors are possible, including ar- 
rangements which combine or eliminate optical compo- 
nents shown in Figure 21. 

Figure 22 illustrates another embodiment of the op- 
tical disk recorder 

This embodiment includes another configuration of 
a second optical transducer 282 for reading data stored 
on an optical disk 80 and uses the same objective lens 
1 0O^as optical transducer 82 which is used for recording 
data. The shared objective lens is referred to as a com- 
bination objective lens 100. Figure 22 shows the optical 
disk recorder 81 in which the second optical transducer 
282 is optically coupled to data marks on the recording 
layer of optical disk 80. The second optical transducer 
follows a servo track as the optical disk rotates. The data 
marks cause the second optical transducer to produce 
a data signal as the optical disk rotates. As illustrated in 
Figure 22, the second optical transducer 282 includes 
several optical devices and has many similarities with 
optical transducer 82. A laser 290 emits a linearly polar - 
ized beam of light 292 which is collimated by a collimator 
lens 294. The light beam 292 passes through a polari- 
zation beam splitter 296. The light beam 292 is convert- 
ed from linear polarization to circular polarization by a 
quarter wave retardation plate 298. The light beam 292 
then passes through an aperture stop 99 and is focused 
by an objective lens 100 onto the recording layer of the 
optical disk 80 containing recorded data marks. A por- 
tion of the light beam 292 is reflected by the optical disk 
80 and returns through the objective lens 100 and the 
quarter wave plate 298. Upon passing back through the 
quarter wave retardation plate 298, the light beam 292 
is again linearly polarized. However the polarization di- 
rection of the light beam 292 is rotated 90 degrees rel- 
ative to its initial orientation. Therefore, the polarization 
beam splitter 296 reflects substantially all of light beam 
292 towards beam splitter 302. The beam splitter 302 
splits the beam 292 into a first light beam 304 and a 
second light beam 306. The first light beam 304 is col- 
lected by a first lens 308 onto a first detector 310 which 
is arranged to produce a focus-error signal. The second 
light beam 306 is collected by a second lens 312 onto 
a second detector 314 which is arranged to produce a 
tracking-error signal used by the tracking positioner, and 
a data signal containing information encoded in data 
marks on optical disk 80. Detectors 310 and 31 4 gener- 
ally include multiple detection areas and produce multi- 
ple detection signals as is well known in the art. Many 
alternative arrangements of the optical components and 
detectors are possible : including arrangements which 
combine or eliminate optical components shown in Fig- 
ure 22. The laser 290 emits light at a longer wavelength 
than the laser 90. The beam splitter 296 is a wavelength 
sensitive beam splitter (sometimes called a dichroic 



beam splitter) which transmits light of a first wavelength 
and reflects light of a second wavelength. The shorter 
wavelength laser 90 of optical transducer 82 provides a 
smaller focused spot of light and a correspondingly high- 
s er MTF and cutoff frequency for recording data marks 
and producing a clock reference signal. The longer 
wavelength laser 292 of second optical transducer 282 
provides a larger focused spot and a correspondingly 
lower MTF and cutoff frequency for reading data marks. 

io Another embodiment of the invention uses a varia- 

tion of the components shown in Figure 10 and previ- 
ously described. As shown in Figure- 10, an optical trans- 
ducer 82 performs the functions of both an optical disk 
recorder and an optical disk reader. When used as an 

is optical disk recorder, the components of the optical 
transducer 82 perform as previously described with ref- 
erence to Figure 10. When used as an optical disk read- 
er, the optical transducer 82 is optically coupled to data 
marks on the recording layer of optical disk 80. The op- 

20 tical transducer 82 follows a servo track as the optical 
disk 80 rotates. The data marks cause the optical trans- 
ducer 82 to produce a data signal as the optical disk 80 
rotates. The laser 90 emits a linearly polarized beam of 
light 92 which is collimated by a collimator lens 94. The 

25 light beam 92 passes through a polarization beam split- 
ter 96. The light beam 92 is converted from linear polar- 
ization to circular polarization by a quarter wave retar- 
dation plate 98. The light beam 92 then passes through 
an aperture stop 99. The aperture stop 99 is dynamically 

30 controlled to be smaller when the optical transducer 82 
is used as an optical disk reader and larger when the 
optical transducer 82 is used as an optical disk recorder. 
When the diameter of the aperture stop 99 is reduced, 
the effective numerical aperture of objective lens 100 is 

35 reduced. The light beam 92 passes through the objec- 
tive lens 100 and onto the recording layer of the optical 
disk 80 containing recorded data marks. The MTF and 
the cutoff frequency of optical transducer 82 are re- 
duced when the diameter of aperture stop 99 is reduced 

40 and a data signal is produced that does not contain un- 
wanted noise produced by a clock reference structure 
formed on the recording layer of the optical disk 80. A 
portion of the light beam 92 is reflected by the optical 
disk 80 and returns through the objective lens 100 and 

45 the quarter wave plate 98. Upon passing back through 
the quarter wave retardation plate 98, the light beam 92 
is again linearly polarized. However, the polarization di- 
rection of the light beam 92 is rotated 90 degrees relative 
to its initial orientation. Therefore, the polarization beam 

so splitter 96 reflects substantially all of light beam 92 to- 
wards beam splitter 102. The beam splitter 102 splits 
the beam 92 into a first light beam 104 and a second 
light beam 106. The first light beam 104 is collected by 
a first lens 1 08 onto a first detector 1 1 0 which is arranged 

55 to produce a focus-error signal. The second light beam 
106 is collected by a second lens 112 onto a second 
detector 114 which is arranged to produce a tracking- 
error signal used by the tracking positioner. During data 
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detection, detector 114 is also arranged to produce a 
data signal containing information encoded in data 
marks on optical disk 80. Detectors 110 and 114 gener- 
ally include multiple detection areas and produce multi- 
ple detection signals as is well known in the art. Many 5 
alternative arrangements of the optical components and 
detectors are possible, including-arrangements which 
combine or eliminate optical components shown in Fig- 
ure 10. When adjusted to a higher effective numerical 
aperture tor recording data, the optical transducer 82 io 
provides a smaller focused spot of light and a corre- 
spondingly higher MTF and cutoff frequency necessary 
for recording data marks and producing a clock refer- 
ence signal. When adjusted to a lower effective numer- 
ical aperture, the optical transducer 82 provides a larger *5 
focused spot and a correspondingly lower MTF and cut- 
off frequency necessary for reading data marks. 

The disclosures in United States patent application 
no. 08/899,427, from which this application claims pri- 
ority, and in the abstract accompanying this application 20 
are incorporated herein by reference. 

Claims 

25 

1. An optical disk [50] comprising: 

a recording layer including servo tracks [52, 54, 
56]; and 

a clock reference structure formed along the 30 
servo tracks [52, 54, 56], the clock reference 
structure permitting data to the recording layer 
in the data fields of indeterminate length. 

2. The optical disk [50] as recited in claim 1, wherein 35 
the clock reference structure comprises a reference 
spatial frequency which is greater than a predeter- 
mined spatial frequency. - 

3. The optical disk [50] as recited in claim 2, wherein «o 
the predetermined spatial frequency is the maxi- 
mum spatial frequency detectable by a standard 
DVD-ROM reader. 

4. The optical disk [50] as recited in claim 2, wherein 45 
the clock reference structure comprises edges [60, 

62] of grooves of the servo tracks [52, 54, 56] which 
oscillate in-phase at an oscillation spatial frequen- 
cy, the oscillation spatial frequency corresponding 



6. The optical disk [50] as recited in claim 2, wherein 
the clock reference structure comprises pits [31] 
formed along the servo tracks [52, 54, 56], the re- 
ciprocal of a distance between centres of adjacent 
pits [31] corresponding to the reference spatial fre- 
quency. 

7. The optical disk [50] as recited in claim 1 , wherein 
the clock reference structure is able to cause a first 
optical transducer [82] coupled to the clock refer- 
ence structure to generate a clock reference signal 
comprising a clock reference signal frequency. 

8. The optical disk [50] as recited in claim 7, wherein 
the cock reference structure is able to cause the first 
optical transducer [82] coupled to data marks [58] 
on the recording layer to generate a data signal hav- 
ing a frequency spectrum in which all fundamental 
frequency components of the frequency spectrum 
are less than the clock reference signal frequency. 

9. The optical disk as recited in claim. 8, wherein the 
clock reference structure is not detectable by a 
standard DVD-ROM reader. 

10. An optical disk recorder comprising: 

an optical disk [50] rotatably mounted on the 
recorder, the optical disk [50] including a re- 
cording layer containing servo tracks [52, 54. 
56]: 

a first optical transducer [82] optically coupled 
to the recording layer of the optical disk [50], 
the first optical transducer [82] being operable 
to follow a servo track as the optical disk [50] 
rotates; 

a clock reference structure formed along the 
servo tracks [52, 54, 56] providing data fields - 
of indeterminate length, the clock reference 
structure being designed to cause the first op- 
tical transducer [82] to produce a clock refer- 
ence signal as the optical disk [50] rotates: 
means for recording data marks [58] on the re- 
cording layer of the optical disk [50], wherein 
the data marks [58] are recorded to include fun- 
damental spatial frequencies less than a pre- 
determined spatial frequency; and 
a write clock operable to determine the place- 
ment of data marks [58] on the recording layer 
of the optical disk [50], the write clock being 
phase locked to the clock reference signal. 



to the reference spatial frequency so 

5. The optical disk [50] as recited in claim 2, wherein 
the clock reference structure comprises edges [60; 
62] of grooves of the servo tracks [52, 54, 56] which 
oscillate substantially 180 degrees out-of-phase at S5 
an oscillation spatial frequency, the oscillation spa- 
tial frequency corresponding to the reference spa- 
tial frequency. 
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(54) Optical Disk 

(57) An optical disk structure and optical disk re- 
corder which enables data to be rewritten onto the re- 
cording layer of the optical disk [50]. A clock reference 
structure is permanently formed along servo tracks [52 ; 
54, 56] of the optical disk [50]. An optical transducer [82] 
is coupled to the clock reference structure and gener- 
ates a clock reference signal simultaneously with writing 
new data onto the recording layer of the optical disk [50]. 
The data is written as data marks [58] along the servo 
tracks [52, 54, 56]. Each of the data marks [58] includes 
edges. The edges of the data marks [58] are recorded 
in synchronization with a write clock. The write clock i£ 
phase-locked with the clock reference signal. Therefore 
the edges of the data marks [58] are aligned with the 
clock reference structure with sub-bit accuracy. Stand- 
ard DVD-ROM disk readers are not able to detect the 
high spatial frequency of the clock reference structure 
Therefore, the optical disk [50] structure and optical disk 
recorder of this invention allow production of re-writable 
optical disks which can be read by standard DVD-ROM 
disk readers. 
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